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Integrins are a family of cell adhesion molecules reported to mediate cellular interactions essential for normal embryonic
morphogenesis. Here we describe a b integrin subunit that is expressed during early embryogenesis in the sea urchin embryo
and appears to be necessary for normal development. The deduced amino acid sequence of bL is similar to vertebrate b
integrin subunits, but is most closely related to the sea urchin bG subunit. Northern blots show that bL is expressed at all
stages with maximum expression beginning during gastrulation. Immunolocalization and in situ RNA hybridization show
that in blastulae bL is expressed in the blastoderm and by the ring of bottle cells in the vegetal plate during the initial phase
of gastrulation. Presumptive secondary mesenchyme cells express high levels of bL throughout elongation of the
archenteron and in the pluteus bL is expressed by blastocoelar cells, skeletal mesenchyme, and pigment cells. Antibodies
and Fab fragments against bL block spreading of dissociated embryonic cells on RGD (arginine–glycine–aspartate)-
containing substrates. Treating embryos with anti-bL antibodies blocks the initial phase of gastrulation and interferes with
the organization of actin filaments. Prior to gastrulation, the antibodies cause thickening of the blastoderm and later in
development defects in skeletal patterning result. Probing for antibody in treated embryos indicates that it penetrates the
ectoderm to cells within the blastocoel and is actively endocytosed. We propose that bL forms receptors that bind to
RGD-containing ligands and anchors actin filaments. These receptors appear to be essential in several aspects of
morphogenesis. © 1998 Academic Press
INTRODUCTION
The rearrangement of cells during gastrulation is respon-
sible for the establishment of the three primary germ layers
in metazoans. Gastrulation in sea urchin embryos is a clear
demonstration of this profound change in form and serves
as a model for the investigation of cellular movements
during gastrulation. Many studies have investigated aspects
of gastrulation and testable mechanisms have been pro-
posed to account for many of the cell and tissue movements
that occur (Ettensohn, 1984, 1985; Hardin, 1988, 1989;
Burke et al., 1991; Lane et al., 1993; Davidson et al., 1995;
Nakajima and Burke, 1996). However, for the most part the
molecular aspects of gastrulation remain obscure.
The extracellular matrix (ECM) appears to be involved in
the cellular movements of gastrulation. Distinctive roles
for the ECM are suggested by the temporal and spatial
regulation of specific molecules during gastrulation (Wessel
et al., 1984; Soltysik-Espanola et al., 1994; Ingersoll and
Ettensohn, 1994; Wessel and Berg, 1995). As well, inhibi-
tion of ECM assembly interferes with gastrulation (Karp
and Solursh, 1974; Heifitz and Lennarz, 1979; Wessel and
McClay, 1987; Butler et al., 1987; Benson et al., 1991).
Additionally, there are now several experiments reported in
which antibodies directed against individual ECM compo-
nents disrupt specific morphogenetic movements (Mc-
Carthy and Burger, 1987; Adelson and Humphries, 1988;
Burke et al., 1991; Ingersoll and Ettensohn, 1994; Katow,
1995; Berg et al., 1996). However, for most of these the
molecular basis for cell–ECM interactions is not clear.
The integrins are a large family of heterodimeric cell
adhesion molecules that have been implicated in numerous
developmentally regulated processes (reviewed in Lallier et
al., 1994). Several lines of evidence indicate that integrin-
mediated adhesion is required for gastrulation in amphib-
ians. Function-blocking antibodies inhibit gastrulation
(Boucaut et al., 1984; Darribere et al., 1988) and a and b
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integrin subunits have been localized to tissues that rear-
range during gastrulation (Whittaker and DeSimone, 1993;
Alfandari et al., 1995; Ransom et al., 1993). In Drosophila
embryos integrin expression is required for proper wing
morphogenesis and gastrulation (Brabant and Brower, 1993;
Roote and Zusman, 1995). Numerous mice strains with
null mutations of integrin subunits have been constructed
and many exhibit developmental defects suggesting specific
functions (Hynes, 1997).
In sea urchins there is circumstantial evidence that
integrins may be involved in the cell–ECM interactions
that are essential to gastrulation. Soluble peptides that
mimic integrin ligand binding sites interfere with cell
movements during gastrulation (Katow, 1990, 1995; Craw-
ford and Burke, 1994; Hawkins et al., 1995). As well,
integrin subunits have been identified and shown to be
developmentally regulated (Susan and Lennarz, 1994; Mars-
den and Burke, 1997; Hertzler and McClay, personal com-
munication). Here we report the characterization of an
integrin b subunit (bL) that is temporally and spatially
regulated during early development. We also report that
antibodies directed against bL interfere with RGD
(arginine–glycine–aspartate)-dependent cell adhesion and
disrupt specific aspects of morphogenesis.
MATERIAL AND METHODS
Embryo Culture
Adult sea urchins, Strongylocentrotus purpuratus, were col-
lected locally and kept in circulating seawater tanks. Gametes were
collected by intracoelomic injection of 0.55 M KCl. Eggs were
fertilized and embryos cultured in filtered seawater (FSW) or
Jamarin (Jamarin Laboratories, Osaka).
RNA Isolation
Staged sibling embryos were pelleted from FSW by centrifuga-
tion, resuspended in 10 vol of ice-cold TNM (0.25 M sucrose, 400
mM NH4Cl, 12 mM MgCl2, 25 mM EGTA, 50 mM Pipes, pH 6.5),
and pelleted by centrifugation. Total RNA was isolated as de-
scribed by Chomczynski and Sacchi (1987). RNA was resuspended
in sterile 10 mM Tris–HCl, pH 8.0, precipitated with LiCl at a final
concentration of 2.5 M. The RNA was resuspended in sterile TE (10
mM Tris–HCl, pH 8.0, 1 mM EDTA) and purity and yield were
estimated spectrophotometrically. Poly(A)1 fractions were pre-
pared following the procedure of Kingston (1993).
Polymerase Chain Reaction (PCR) Amplification
of Bl Integrin Subunits
PCR was performed as described in Marsden and Burke (1997)
using primers described in Erle et al. (1991).
Synthesis of Hybridization Probes
Probes were synthesized from PCR products using a PCR ampli-
fication protocol described in Marsden and Burke (1997). After
amplification, probes were purified on S-400 HR microspin col-
umns (Pharmacia).
Northern Blots
Ten micrograms of total RNA from staged embryos was sepa-
rated on a 1% formaldehyde–agarose gel following the procedure of
Brown (1992). The gel was blotted onto a Nytran1 membrane
(Schleicher and Schuell) by capillary transfer and crosslinked to the
membrane with ultraviolet light (Stratalinker). Hybridizations
were performed as described previously (Marsden and Burke, 1997).
Filters were exposed overnight to XOMAT AR film (Kodak) with an
intensifying screen (DuPont). Filters were stained with methylene
blue to control for equal loadings in each lane (Herrin and Schmidt,
1988).
cDNA Library Screening
A random-primed cDNA library was screened as described
previously (Marsden and Burke, 1997). Positive clones were re-
trieved from single plaques using the ExAssist help vector (Strat-
agene). Two overlapping clones were isolated. Restriction frag-
ments of isolated clones were sequenced completely in both
directions using standard manual techniques (Sequenase 2.0,
United States Biochemicals) and primers were synthesized to
facilitate primer walking when necessary.
In Situ RNA Hybridization
In situ localizations were performed following Harkey et al.
(1992). Digoxigenin-labeled RNA probes were synthesized from the
extracellular domain of bL as described by Ransick and Davidson
(1993). Probes were quantified spectrophotometrically and labeling
efficiency was estimated by hybridization to in vitro transcription
products.
Preparation of Antiserum
A sequence representing the extracellular domain of bL (156–
1455 nt) was expressed as a His-tagged protein in the pQE 31
expression vector (Qiagen). Expressed proteins were purified under
denaturing conditions on a nickel–agarose column (Qiagen) and
dialyzed extensively against PBS. Anti-bL integrin serum (73CR)
was prepared in New Zealand white rabbits. IgG fractions were
purified from serum using a protein A–agarose column (Pierce) and
concentrated to 1 mg/ml in a stirred cell using a YM 10 membrane
(Amicon) and stored at 220°C. Preimmune serum from the same
rabbit was treated in an identical manner.
Immunoblots
Membrane preparations were made as described previously
(Marsden and Burke, 1997). 4-(2-Aminoethyl)benzylsulfonyl
fluoride–HCl (1 mM) or phenylmethylsulfonyl fluoride (1 mM)
and 5 mM EDTA were included as protease inhibitors. SDS–
PAGE was performed essentially as described by Laemmli
(1970) using a 4.5% stacking gel and a 10% separating gel. Proteins
were electrophoretically transferred onto nitrocellulose and blots
probed with the 73CR antiserum. Proteins recognized by the 73CR
antiserum were detected using a goat anti-rabbit alkaline phospha-
tase conjugate and NBT/BCIP as a substrate. Relative molecular
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mass was determined using the MW-SDS-Blue kit (Sigma). Repli-
cates of all experiments were performed with preimmune serum.
For immunodepletions serum was incubated with expressed frag-
ments overnight at 4°C in TBS/milk Tween 20 (25 mM Tris, 140
mM NaCl, 10 mM KCl, 5% skim milk powder, 0.1% Tween 20),
and the depleted serum was used as described above. For immuno-
precipitations pelleted membranes were labeled with sulfo-NHS–
biotin following the manufacturer’s instructions (Pierce). Mem-
branes were extracted with 1% reagent-grade Triton X-100
(Boehringer) for 1 h at 4°C and immunoprecipitates were carried
out as described in Marsden and Burke (1997).
Immunofluorescence
Embryos were fixed for 5 min in 4% paraformaldehyde in FSW
containing 10 mM Tris (pH 8.0) and transferred to methanol
(220°C) for 1 min. After a rinse in FSW followed by a rinse in PBS,
embryos were blocked for 30 min in 5% lamb serum in PBS
containing 0.01% Triton X-100 (PBST). Embryos were incubated
overnight at 4°C in 73CR serum diluted 1/200 in PBST and then
rinsed three times in PBST and incubated in FITC-conjugated goat
anti-rabbit IgG (1/50, 2 h) and mounted in PBS:glycerol (1:1)
containing 30 mM n-propyl gallate.
Embryos were prepared for f-actin visualization with rhodamine
phalloidin and viewed using standard epifluorescence or confocal
microscopy following the procedure of Nakajima and Burke (1997).
Antibody Blocking
Antibodies were protein A purified (Pierce) and buffer exchanged
into PBS at a concentration of 1 mg/ml and diluted immediately
before use. Control treatments used either nonspecific IgG at an
equivalent concentration of anti-bL that had been boiled for 5 min.
In some instances, whole antiserum was used in experiments and
preimmune serum served as a control. Cells and embryos were
treated by diluting antibody directly into Jamarin. Fab fragments
were prepared following Harlow and Lane (1988) and checked for
purity and size on silver-stained SDS–PAGE gels. The form of at
least 50 embryos was examined using Nomarski differential inter-
ference contrast optics to determine the effects. Invagination of the
archenteron was assessed by optically sectioning through the
vegetal plate.
To determine the ability of antibodies to penetrate, embryos
were incubated with antibody (20 mg/ml) or Fab fragments (20 or 40
mg/ml) for specific periods of time. Embryos were then fixed with
4% paraformaldehyde in buffered Jamarin (10 mM Tris base, pH
8.0) and blocked with 5% lamb serum in PBS containing 0.1%
Triton X-100 before being probed for 2 h with FITC-conjugated goat
anti-rabbit IgG or FITC-conjugated goat anti-rabbit Fab. After
rinsing in PBS, specimens were mounted and viewed as described
above.
Cell Adhesion
Glass coverslips that were pretreated with Sigmacote (Sigma)
were coated with either Pronectin F or b-silk at 10 mg/cm2 (Protein
Polymer Technologies) following the manufacturer’s instructions.
In some experiments, eight-chambered slides (Nunc) were coated
with Pronectin F. Plastic culture dishes coated with human fi-
bronectin (Collaborative Biomedical Products) were used without
pretreatment. All substrates were rinsed briefly with Jamarin, prior
to plating cells.
Embryos were dissociated as mid to late gastrulae following Fink
and McClay (1985) and cells were resuspended in Jamarin. After
counting, cells were diluted and applied directly to substrates. In
some experiments antibodies or Fab fragments were diluted di-
rectly into cell suspensions before plating. After 3 to 4 h, nonad-
herent cells were gently rinsed off with several changes of Jamarin.
Treatments were then scored for number of cells attached and
number of cells attached and spread on an inverted microscope
using Nomarski differential interference contrast optics (Nikon).
Cell spreading was defined by the presence of elongate processes on
cell and cells changing in shape from spherical to spindle shaped or
stellate. These analyses were assisted by preparing cells for f-actin
staining using rhodamine–phalloidin as described above. Cells in at
least five randomly chosen fields (500 mm2) from each replicate
were scored (a total of 10 counts per treatment). In some experi-
ments the person scoring did not know the treatment. All the
experiments were carried out at least three times and duplicate
trials were used in each experiment. Cell types were determined
using monoclonal antibodies: Sp12, mesenchyme (Tamboline and
Burke, 1989); Sp5, endoderm (Burke and Gibson, 1985); Sp1, pig-
ment cells (Gibson and Burke, 1985); and 4E1, ectoderm (Burke,
unpublished). Adherent, spread cells were found to be composed of
about 30% ectoderm, 50% mesenchyme, 15% endoderm, and 5%
pigment cells (data not shown).
To test specificity of adhesion, cells were initially plated onto
Pronectin F-coated, 100-mm dishes for 2 h. After rinsing with
Jamarin, attached cells were removed with calcium–magnesium-
free Jamarin containing 10 mM EDTA, rinsed five times with
Jamarin, and plated at 102–103 cells/ml on Pronectin-coated sub-
strates in Jamarin containing the soluble peptide GRGES or
GRGDS (1 mM, Telios Pharmaceuticals).
Statistical Analysis
Means and standard errors of measurements and counts were
calculated and a one-way analysis of variance done. Tukey post-
tests were done to determine which treatments resulted in signifi-
cant differences (Tukey, 1949).
RESULTS
Cloning of bL
The bL subunit was obtained as a PCR fragment using
degenerate primers that encompass the ligand binding do-
main of all known vertebrate b integrin subunits (Pytela et
al., 1994). The isolated PCR fragment encodes an open
reading frame of 88 amino acids that is 53.3% identical to
human b1, 52.2% identical to Drosophila bPS, and 60%
identical to the sea urchin bG molecule (Marsden and
Burke, 1997).
The PCR fragment was used to screen a random-primed
cDNA library and two overlapping clones were obtained
(Fig. 1). A 2402-bp open reading frame was identified within
these clones. The clones also contain greater than 1000 bp
of noncoding sequence in the 59 and 39 untranslated regions.
The two clones likely do not represent the complete tran-
script as the message appears as a 7.5-kb transcript on
Northern blots. bL transcripts are most abundant during
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later stages of development; therefore, the molecule has
been named bL (larval).
Primary Structure of bL
The deduced amino acid sequence of bL encodes an 88-K
protein (Fig. 2). Immediately following the first usable ATG
codon is a sequence rich in hydrophobic residues that is
followed by a presumptive signal peptide cleavage site (von
Heijne, 1986) after amino acid 31. The predicted extracel-
lular domain encompasses residues 32–728 and contains
seven potential N-linked glycosylation sites. A presump-
tive transmembrane region spans residues 729–753 and
precedes a cytoplasmic domain of 43 residues.
bL and Other b Integrins
When the extracellular domain of bL is compared to the
known b integrins it is evident that the molecule resembles
the other sea urchin b integrins (60.0% similarity for bG
and 41.1% for bC). bL also appears to be closely related to
the vertebrate b1 integrins (50% similarity for human b1)
and some of the other invertebrate b subunits (52.2%
similarity for Drosophila bPS, 32.2% for Drosophila bneu,
and 37.8% for the Caenorhabditis elegans bPat3).
As for a number of b integrin molecules, the bL subunit
has 56 cysteine residues in the extracellular domain. While
the number of cysteine residues is conserved, the location is
not. In bL there is a cysteine residue at position 372
(cysteine 12) that is out of register with those found in all
other b integrin molecules. The cysteine residue that would
normally be located at position 633 (vertebrate cysteine 26)
is missing, presumably permitting no unpaired cysteines to
appear in the extracellular domain. The cytoplasmic do-
main of bL closely resembles that of the vertebrate b1
integrins as well as that of the sea urchin bG molecule. This
is particularly apparent in the last 23 residues of which 16
are identical to bG.
FIG. 1. Clones used to determine the full-length cDNA sequence for bL subunit. Shaded region was amplified by PCR and the
cross-hatched region is the transmembrane domain.
FIG. 2. Amino acid translation of the cDNA sequence for bL
subunit from Strongylocentrotus purpuratus. The putative signal
peptide is single underlined. Cysteines are numbered and shaded
and potential N-glycosylation sites are marked with an arrowhead.
The putative transmembrane domain is double underlined. Se-
quence data are available from GenBank/EMBL/DDBJ, Accession
No. AF078802.
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bL Expression Is Developmentally Regulated
The clone bL1 was used to probe Northern blots of total
RNA isolated from various developmental stages of S.
purpuratus embryos (Fig. 3). The cDNA recognizes a single
mRNA of approximately 7.5 kb in all stages examined. The
intensity of bL expression increases from the early stages of
development, with the transcript being most abundant in
later stages of development, particularly in the late gastrula
and pluteus stages. In the pluteus there is an apparent
increase in the size of the transcript as there is a decrease in
the relative mobility of the mRNA recognized by the probe.
This apparent increase in size may therefore reflect changes
in polyadenylation or splicing of the mRNA.
A rabbit polyclonal antiserum (73CR) raised against a
bacterially expressed protein encompassing the extracellu-
lar domain of bL recognizes a 120-kDa protein on Western
blots of gastrula stage membrane preparations separated
under nonreducing conditions (Fig. 4, lane 2). Preimmune
serum isolated from the same rabbit recognizes no sea
urchin proteins (Fig. 4, lane 1). When the 73CR serum is
preabsorbed with bL protein no bands are resolved on
Western blots (data not shown). When the 73CR serum is
used in immunoprecipitates from biotinylated gastrula cell
membranes, a single band at 120 kDa is apparent when
precipitated material is run under nonreducing conditions
(Fig. 4, lane 3). When overexposed, a faint pair of bands at
about 180 kDa are apparent. In immunoblots in which
samples were run under reducing conditions (Fig. 4, lane 4)
the apparent molecular mass of the recognized protein
increases to about 130 kDa, and there are two low-mass
bands migrating at 60 and 90 kDa (Fig. 4A, lane 5).
bL Expression Is Spatially Regulated
In mesenchyme blastula stage embryos prepared for in situ
RNA hybridization, there is a weak signal detectable in the
blastodermal cells and ingressed primary mesenchyme cells.
High levels of bL expression are indicated by strong signals in
the cells composing the vegetal plate (Fig. 5A). In ventral view
it is evident that these cells form a ring (Fig. 5C). After
completion of the initial phase of gastrulation high levels of
bL expression are found in the cells at the tip of the arch-
enteron (Fig. 5B). By the late gastrula stage bL expression is
restricted to released secondary mesenchyme cells and cells at
the tip of the archenteron. In late gastrulae, a number of cells
in the vegetal blastocoel are also weakly labeled by the bL
probe and likely represent primary mesenchyme cells (Fig.
5D). In prism stage embryos bL expression is found in numer-
ous cells throughout the blastocoel (Fig. 5E).
In early blastulae bL immunofluorescence occurs
throughout the blastoderm (Fig. 6A). There is some fluores-
cence associated with the cytoplasm of the cells, but basal
and lateral membranes of cells are more prominent. In
tangential sections through the blastoderm, cell outlines
are apparent (Fig. 6B) indicating that bL is associated with
the cell membrane. In mesenchyme blastulae, primary
mesenchyme cells do not stain (Fig 7A). When the thick-
ened vegetal plate begins to buckle inward during the initial
phase of gastrulation, cells within the plate are brightly
fluorescent. In longitudinal optical sections, this fluores-
cence is associated with the apical regions of bottle-shaped
cells (Fig. 7A) and when viewed from the vegetal plate it is
clear that the brightly fluorescent cells form a ring (Fig. 7B).
The brightly fluorescent cells surround a core of about eight
cells and the immunofluorescent cells appear to have con-
stricted apices. These cells correspond in shape, position,
and timing of appearance to the bottle cells described by
Nakajima and Burke (1996). At the completion of the initial
phase of gastrulation, the bright fluorescence in the apices
of these cells disappears. As the archenteron begins to
elongate, cells at the tip of the archenteron and the mesen-
chyme being released become strongly immunoreactive
FIG. 4. Immunological analysis of anti-bL on midgastrula mem-
brane preparations. Lane 1, immunoblot using preimmune serum
with reduced samples. Lane 2, immunoblot with nonreduced
samples. Lane 3, immunoprecipitate of biotinylated membrane
proteins using anti-bL as the primary antibody and the blot probed
with horseradish peroxidase-conjugated avidin. In this exposure
only a single 120-kDa band is apparent. Lane 4, two faint copre-
cipitating bands at 180 kDa, which are presumed to be a subunits
(open arrows) can be seen in overexposures of the same preparation
as lane 3. Lane 5, immunoblot with reduced samples. Arrowheads
at left show positions of molecular weight markers in kilodaltons.
FIG. 3. Northern blot of the expression of the bL subunit at
various stages of development. Lanes are 1, egg; 2, cleavage; 3,
blastula; 4, gastrula; and 5, pluteus. The size of the transcript was
estimated to be 7.5 kb from the position of the ribosomal subunits.
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(Fig. 7C). Expression of the bL protein remains uniform
throughout most of the blastoderm; however, the apical
plate is brighter in late gastrulae. As the archenteron
contacts the presumptive oral ectoderm, the cells at the tip
of the archenteron are immunoreactive, as are the mesen-
chyme cells that are released (Fig. 7D). In prisms the
expression of bL is high in skeletogenic mesenchyme (Fig.
8A). In the ectoderm bL expression begins to become
restricted to the posterior apex of the embryo and the oral
ectoderm is reduced to background levels (Fig. 8B). The
blastocoelar cells remain strongly immunoreactive at this
stage of development (Fig. 8B). The pattern of expression of
prisms is retained at least to 5-day-old larvae. In plutei there
is strong immunofluorescence at the posterior apex of the
FIG. 5. In situ RNA hybridization for the bL subunit. (A) Mesenchyme blastula; cells in the vegetal plate (v) hybridize strongly, but
primary mesenchyme (arrowhead) is not expressed at levels above background. (B) Early gastrula; archenteron (a). (C) Surface view at the
initial stage of gastrulation; region hybridizing strongly is a ring of cells in the vegetal plate. The punctate spots of staining are on the surface
of the cells and are an artifact. (D) Late gastrula lateral view; hybridization is strongest at the tip of the archenteron (a) and secondary
mesenchyme cells (s). At this stage there is expression in the primary mesenchyme cells (arrowhead). (E) Prism; expression is highest in
mesenchyme-derived cells within the blastocoel. Bar 5 25 mm (same for all panels).
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larva and ectodermal expression is limited to the aboral
surface (Fig. 8C). In the pluteus, expression by skeletogenic
mesenchyme, blastocoelar cells, and pigment cells is high
(Fig. 8D).
bL Mediates Cell Adhesion
In experiments in which dissociated cells from gastrulae
were plated on either Pronectin F or b silk, the numbers of
cells attached to Pronectin F were about 10 times the
number attached to b silk (P , 0.001) (Fig. 9A). The number
of cells attached increased by about 37% if the cells were
allowed to settle for 4 h versus 1 h and there was no further
increase if cells were left for up to 24 h. To test that the
adhesion was based on the RGD motifs engineered into
Pronectin F, we determined the ability of soluble peptides
to block adhesion (Fig. 9B). The percentage of cells attached
and spread did not differ between Pronectin F alone and
Pronectin F with the control peptide GRGES (Fig. 9B).
However, the percentage of cells attached and spread in the
presence of peptides containing GRGDS was reduced to
about 25% of control levels (P , 0.001).
To determine if attachment of gastrula cells to Pronectin
F was mediated through the bL integrin subunit, we at-
tempted to block adhesion with a range of concentrations of
the anti-bL antibody (Fig. 9C). The presence of 10 mg/ml
anti-bL reduced the percentage of cells attached and spread
to about 50% of levels in the control preparations (P ,
0.001). There were small, but not significant reductions in
adhesion at concentrations of 2 mg/ml (P . 0.05). As well,
we used human fibronectin as a substrate because it is
known to mediate RGD-dependent adhesion of cells (Fig.
9D). In control (boiled antibody) and untreated (Jamarin)
preparations, 60 to 70% of the cells were attached and
spread. Treatment with anti-bL at 4 mg/ml reduced cell
spreading to about 40% of control preparations (P , 0.001).
There were significant, but less pronounced reductions of
cell spreading at concentrations of 1 and 2 mg/ml (P , 0.01).
At concentrations as low as 5 mg/ml, Fab fragments of
anti-bL antibodies also inhibited cell spreading on fibronec-
tin (Fig. 9D) (P , 0.001). In preparations in which human
fibronectin was used as a substrate, embryonic cell spread-
ing was also clearly sensitive to competition using soluble
peptides (P , 0.001) (Fig. 9D).
Antibodies to bL Affect Morphogenesis
Embryos treated with anti-bL (20 or 40 mg/ml) from late
cleavage stages until the initiation of gastrulation had a
thickened blastoderm and were smaller than the control
embryos (Figs. 10A and 10B, Table 1). The blastoderm
appeared to remain a single cell layer and the cells main-
FIG. 6. Confocal laser-scanning images of embryos prepared for immunofluorescence with anti-bL. Projections of four optical sections
taken at 1-mm intervals. (A) Early blastula arrowheads indicate immunoreactivity in the lateral and basal margins of blastodermal cells. (B)
A series of sections grazing the blastoderm showing immunoreactivity in cell margins. Bar 5 20 mm (same for both panels).
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tained their lateral contacts; however, they elongated,
shrinking the blastocoel in all of the treated embryos. Cells
were released from the vegetal plate at the same time as the
primary mesenchyme cells were released in the control
preparations and they migrate into the blastocoel. After
24 h of treatment the mesenchyme cells occupy the entire
volume of the shrunken blastocoel.
Treated embryos failed to initiate gastrulation. Embryos
treated with 10 mg/ml Fab fragments reacted in a similar
manner to those treated with whole antibody (Figs. 10I and
10J). Embryos treated for 4 h prior to gastrulation failed to
initiate gastrulation (Fig. 10G) and those treated for 17 h
from an early cleavage stage had thickened blastoderm (Fig.
10H). If embryos were rinsed into Jamarin after treatment,
over 80% of the embryos were identical to control embryos
within 24 h.
To determine how long prior to gastrulation embryos
needed to be treated to inhibit gastrulation, embryos were
treated at hourly intervals beginning 6 h before gastrulation
(Fig. 11). All of the embryos treated 5 and 6 h prior to
gastrulation failed to initiate gastrulation and there was a
decreasing effect as the time of treatment was shortened,
such that 80% of the embryos treated 1 h prior to gastrula-
tion were not affected by the antibody.
One hundred percent of the embryos treated 5 h prior to
gastrulation with anti-bL failed to gastrulate (Figs. 10C and
10D). When control embryos had completed the initial
stage of gastrulation, the treated embryos had a slightly
thicker blastoderm, but were otherwise stalled at the thick-
ened vegetal plate stage that precedes gastrulation. If these
embryos were treated throughout the time the control
embryos underwent elongation of the archenteron, they
failed to develop further. These embryos had slightly thick-
ened blastoderm and had taken on a pear shape (Figs. 10E
and 10F). Mesenchyme cells were released from the vegetal
plate. After 16 h of treatment these embryos formed partial
exogastrulae (Burke et al., 1991) (Fig. 10G). If embryos were
rinsed into Jamarin after treatment, 80% of the embryos
were indistinguishable from control embryos after 24 h.
If embryos that had completed gastrulation were treated
with anti-bL they proceeded to make prisms; however, all
of these embryos had a thickened ectoderm. As well, 65%
of them had skeletal abnormalities. The embryos affected
had two skeletal rudiments, but they had failed to elongate
in a regular manner (Fig. 10H).
To determine the distribution of bound antibodies in
treated embryos, specimens were fixed after treatment and
probed with a fluorescently labeled second antibody. In
blastulae with intact fertilization envelopes which had
been treated for 16 h with anti-bL, there is some immuno-
reactivity on the fertilization envelope, but otherwise it is
releasing mesenchyme (arrowhead) are most fluorescent. (D)
Completion of the elongation phase. Arrow, mesenchyme; ap,
apical plate; ar, archenteron. Bars 5 10 mm (same for all panels).
FIG. 7. Confocal laser-scanning images of gastrulae prepared for
immunofluorescence with anti-bL. All images are projections of
four optical sections (1-mm intervals). (A) Initial stage of gastrula-
tion; in the vegetal plate intense fluorescence (arrowheads) is
associated with the apical ends of bottle cells (*). (B) Vegetal plate
view; intense fluorescence is associated with the ring of bottle cells
(arrowheads). Bottle cells surround eight centrally located cells (E).
(C) Archenteron elongation; cells at the tip of the archenteron and
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restricted to bright vesicles within the cytoplasm (Fig. 12A).
Immunoreactivity is found in all cells, but there appears to
be more vesicles in cells of the vegetal plate. Embryos
treated for 2 or 4 h also had immunoreactive vesicles in the
cytoplasm, but embryos treated for less than 2 h had no
immunoreactive granules (Figs. 12B–12D). In prisms treated
with antibodies for 14 h, fluorescent vesicles are scattered
throughout ectodermal cells and are also abundant in mes-
enchyme cells within the blastocoel (Fig. 12E). As it has
been reported that endocytotic processes can be inhibited
by cold (Goldstein et al., 1979; Weigel and Oka, 1980),
blastulae were treated for 4 h at 4°C. In these embryos the
fertilization envelope and hyalin layer are immunoreactive
and there is diffuse fluorescence throughout the blastoderm
(Fig. 12F). Fluorescence appears stronger on the basal sur-
faces of cells. Embryos treated with Fab fragments, before
being probed with a Fab-specific second antibody, had very
little fluorescence anywhere, but there were a few vesicles
within blastoderm cells (Fig. 12G). Embryos treated with
equal concentrations of commercially prepared rabbit IgG
had no fluorescence (Fig. 12H).
Embryos were treated with anti-bL and prepared with
rhodamine–phalloidin to determine the distribution of ac-
tin (Fig. 13). In control embryos (Fig. 13B) there are exten-
sive arrays of actin in apical and basolateral domains of all
the blastodermal cells. As well, there are accumulations of
actin in the neck regions of bottle cells (Nakajima and
Burke, 1996). In the blastodermal cells of antibody-treated
embryos the apical actin arrays remain intact, but the
basolateral actin is not present except in vegetal plate cells
(Fig. 13A). These cells have diffuse actin in their lateral
margins and on their basal surfaces. In end view (Figs. 13C
and 13D) it is clear that the ring of bottle cells that forms in
control embryos is not present in treated embryos. In
antibody-treated embryos there is some accumulation of
actin in vegetal plate cells, but it remains disorganized.
DISCUSSION
Structurally, bL resembles other known b integrins
closely, including 56 cysteine residues in the extracellular
domain. While the number of cysteines is conserved, the
location of two of these residues (cysteines 12 and 26) is not,
suggesting that the previously speculated folding patterns
are not conserved (Calvete et al., 1991). Brower et al. (1997)
have determined the primary structure of b integrins from a
coral and a sponge and note that the spacing of cysteine
residues in these invertebrates also varies from the verte-
brate pattern. The cytoplasmic domain of bL contains a
number of highly conserved residues that are believed to be
involved in cytoplasmic actin filament assembly. This
includes a repeat of the NPXY sequence suggested to
interact with the cytoplasmic protein talin (Lewis and
Schwartz, 1995). Despite these similarities, the deduced
amino acid sequence of bL has only a 50% similarity to the
vertebrate integrin b1 subunits. The closest similarity was
to the other sea urchin b subunit (bG, 60% similarity) and
FIG. 8. Confocal laser-scanning images, composed of projections of four optical sections (1-mm intervals) of prism and plutei. (A) In prisms,
expression of bL in the skeletogenic mesenchyme (sm). (B) In the prism, blastocoelar cells (bc) express bL; oral (o) ectoderm and aboral (ab)
ectoderm. (C) In plutei bL expression is in the posterior end of the larva. Skeletogenic mesenchyme (sm) at the tips of the body rods is also
immunoreactive. (D) In plutei, expression of bL in the skeletogenic mesenchyme at the tips of the postoral rods (arrowhead), aboral
ectoderm (ab), and in pigment cells (p). Bars 5 10 mm.
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to the Drosophila myospheroid protein (52%). Due to the
low sequence similarity of bL to known b integrin subunits
it is not yet possible to suggest an evolutionary relationship
of this molecule to any of the vertebrate molecules. We
have therefore named this novel subunit bL (larval) because
of the temporal pattern of expression of this molecule
(Marsden and Burke, 1997).
The 73CR antiserum was raised against the recombinant bL
extracellular domain expressed in bacteria. On Western blots
of sea urchin embryonic lysates or immunoprecipitates of
membrane preparations separated under nonreducing condi-
tions this antiserum recognizes a 120-kDa protein. This is
larger than the expected molecular mass of the translated
open reading frame (88 kDa). This discrepancy can be ac-
counted for by seven presumptive N-glycosylation consensus
sites found in the extracellular domain of the molecule. Under
reducing conditions bL exhibits an apparent increase in rela-
tive mass to 130 kDa, a behavior characteristic of proteins
with extensive intrachain disulfide bonding. In addition, un-
der reducing conditions there are low-molecular-weight bands
evident on Western blots and in immunoprecipitates. As the
antibody recognizes a single band under nonreducing condi-
tions, it is assumed that reduction releases these two frag-
ments. It is not clear if these fragments result from some form
of postranslational proteolysis or if they are an artifact of the
preparative methods used.
In immunoprecipitations 73CR reacts with complexes that
are resolved into several bands. One member of the complex
comigrates with bL, while the upper two bands (180 kDa) are
assumed to represent a subunits. The level of detection of the
high-molecular-weight bands in biotinylated samples is low,
which may be attributable to either inefficient labeling or
their loss from the immunoprecipitated complex. Several of
the vertebrate integrin b subunits associate with more than
one a subunit to form multiple receptors (Hynes, 1992) and it
is assumed that bL behaves in a similar manner. In sea urchins
there is evidence for multiple a subunits (Susan and Lennarz,
1993; Hertzler and McClay, personal communication; Burke,
unpublished); however, the associations with b subunits re-
main uncharacterized.
bL Recognizes the Consensus Sequence GRGDS
Pronectin F is an artificial substrate that has been shown
to support integrin-mediated cell adhesion and spreading
(Lehman et al., 1994; Lwebuga-Mukasa, 1994; Yelian et al.,
1995) through the conserved integrin binding sequence
GRGDS (Pierschbacher and Ruoslahti, 1984). The attach-
ment and spreading of dissociated embryonic cells can be
disrupted with soluble GRGDS peptide but not with con-
trol peptide, demonstrating that this activity is specific to
the integrin binding consensus sequence. As the anti-bL
antibodies also inhibited cell spreading, in a dose-dependent
manner, it is reasonable to conclude that at least some
bL-containing receptors use RGD sequences. Sea urchin
cells also attached and spread on human fibronectin and
this was also blocked with soluble RGD-containing pep-
tides and with anti-bL antibodies and their Fab fragments.
The lower concentration of anti-bL required to inhibit cell
adhesion on fibronectin (4 mg/ml vs 20 mg/ml for Pronectin
F) may reflect the fact that Pronectin F contains 13 GRGDS
FIG. 9. Summary of cell adhesion experiments, means 6 standard
error. (A) Time course of cell attachment to Pronectin F (PN) or b
silk. (B) Attachment to PN is inhibited with GRGDS but not GRES.
(C) Attachment to Pronectin F can be inhibited with anti-bL
antibodies. Control, boiled antibody (20 mg/ml); SW, no additions
(D). Cell attachment to human fibronectin is blocked by GRGDS
and is inhibited with anti-bL antibodies or Fab fragments (numbers
are concentrations of antibodies or Fabs in mg/ml).
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repeats. As the monovalent Fab fragment blocked cell
spreading on fibronectin equally as well as the whole
antibody, it is likely that the blocking effect is not mediated
through cross-linking of receptors, but is achieved by steric
effects. These data do not identify specific ligands for
bL-containing receptors, but they do indicate that these
receptors function in a manner similar to that demon-
strated for vertebrate integrins.
bL and Morphogenesis
In situ RNA hybridizations and immunofluorescence
indicate that all cells of the pregastrula embryo express bL
and that bL is confined to the basolateral margins of cells of
the blastodermal wall. Blocking with anti-bL antibodies
results in thickening of the blastoderm, suggesting that bL
functions in maintaining the integrity of the epithelium.
Interestingly, this disruption has no effect on the release of
primary mesenchyme cells from the vegetal plate since
they still release and occupy the shrunken blastocoel. The
effect of the antibody is progressive as embryos treated for
24 h have blastoderm that is twice the thickness of that of
embryos treated for 12 h. It is also apparent in embryos




24 h12 h 24 h
Untreated 10.8 6 0.5 11.2 6 0.4 162.5 6 12.1
20 mg/ml bL 25 6 0.4* 38 6 1.3* 120 6 10.2*
*P , 0.001, N 5 12.
FIG. 10. Effects of anti-bL antibodies on embryonic development.
(A, B) Embryos were treated as late cleavage embryos for 12 h (A) or
24 h (B). Control embryos had completed the initial phase of
gastrulation by 24 h. Thickened blastoderm (arrowheads), primary
mesenchyme (p). (C, D) Embryos were treated with antibody (C) or
boiled antibody (D) 5 h prior to the initial phase of gastrulation.
Treated embryos (C) have thickening of the blastoderm (arrow-
heads), but the vegetal plate fails to invaginate (arrows) compared
to control embryos (D). (E, F) Six hours later (11 h of treatment) in
the same experiment, control embryos (F) have elongated the
archenteron (arrow). Treated embryos (E); the vegetal plate remains
thickened but does not invaginate (arrow). (G) Embryo from the
same experiment as C–F above treated for 16 h with anti bL from
5 h before gastrulation. At this time, control embryos were early
prisms. (H) Embryos treated with antibody after completion of the
initial phase of gastrulation. Prisms results are normal except for
malformations of the larval skeleton. (I) Embryo treated as a
blastula for 12 h with Fab fragment of anti-bL. Control embryos
had gastrulated. (J) Embryo treated for 25 h from a late cleavage
stage with Fab fragment of anti-bL. Control embryos had gastru-
lated. Bar 5 20 mm (same for all panels).
144 Marsden and Burke
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
actin arrays are missing in the blastoderm of antibody-
treated embryos. Presumably the basolateral arrays of actin
counteract elongation forces within the blastodermal cells.
When bL-containing receptors are removed, actin arrays in
the basolateral domains are unable to form and there is a
progressive elongation of the cells.
During gastrulation, there is intense fluorescence in the
apical ends of a ring of cells in the vegetal plate. The
number, position, and size of cells expressing bL indicate
that these cells are the bottle cells that form during the
initial phase of gastrulation (Nakajima and Burke, 1996).
However, because the actin filaments can only be visual-
ized by a method of fixation that stabilizes them for only a
short period of time (Nakajima and Burke, 1996), it has
proven impossible to double label embryos to confirm this.
During buckling of the vegetal plate, the bottle cells accu-
mulate F-actin in the narrow neck region and treatments
that block the initial phase of gastrulation also block bottle
cell formation. Thus, Nakajima and Burke (1996) suggest
that the buckling of the vegetal plate results from an
actin-mediated change in shape of the ring of bottle cells.
The abundance of bL in the apical ends of these cells is
coincident with redistribution of F-actin, and anti-bL anti-
bodies inhibit gastrulation. In anti-bL-treated embryos
there is no bottle cell formation and F-actin assembly is
disrupted. Some F-actin accumulates, but it is disorganized
and the cell apices do not constrict. These data suggest that
bL may function as a membrane anchor for actin. The
antibody appears to affect the distributions of basolateral
and apical actin, both of which are conceivably involved in
the formation of bottle cells.
After the initial phase of gastrulation bL is expressed in
cells at the tip of the archenteron. As the archenteron
elongates, bL-expressing cells remain attached. Cells at the
tip of the archenteron are known to extend filopodia that
interact with the apical plate ECM (Hardin and McClay,
FIG. 11. Time course of inhibition of the initial stage of gastru-
lation by anti-bL. Mean 6 standard error (N 5 100 embryos). All
embryos treated 5–6 h prior to gastrulation failed to gastrulate.
FIG. 12. Confocal images of embryos treated with anti-bL
antibodies or Fab fragments and probed with FITC-conjugated
secondary antibodies. All images except F are projections of five
optical sections taken at 1-mm intervals. (A) Embryo treated
from early blastula for 16 h with anti-bL. (B) Embryo treated for
4 h with anti-bL. (C) Embryo treated for 2 h with anti-bL. (D)
Embryo treated for 1 h with anti-bL. (E) Prism treated from after
gastrulation for 14 h. The fluorescent vesicles are found in
ectoderm- and mesenchyme (m)-derived cells. (F) Blastula
treated for 4 h at 4°C. (C) Image is a projection of 12 optical
sections taken at 0.3 mm. This oversampling intensifies the
brightness of the image and it cannot be directly compared with
other images in this figure. hl, hyaline layer; bl, basal lamina, fe,
fertilization envelope. (G) Embryo treated for 4 h with Fab
fragments of anti-bL. (H) Embryo treated for 4 h with nonspecific
rabbit IgG. Bar 5 20 mm (same for all panels).
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1990). Crawford and Burke (1994) have demonstrated that
the interaction of these cells with the apical plate ECM is at
least partially mediated through a cell surface receptor that
interacts with the YIGSR sequence. The YIGSR domain has
been described as a site through which integrins bind
laminin (Maeda et al., 1994). Laminin has been shown to be
present in the basal lamina of the late gastrula (McCarthy et
al., 1987). Although we describe the disruption of bL
function in culture through the use of RGD-containing
peptides, it is possible that bL also forms receptors that
interact with the YIGSR sequence. Immunoprecipitations
indicate that bL forms associations with at least two a
subunits suggesting that multiple bL-containing receptors
are present in gastrula stage embryos. The blocking experi-
ments did not indicate any disruption of release or migra-
tion of these cells suggesting that bL is not essential to
these processes.
bL is expressed by skeletogenic mesenchyme only after
the cells have completed their migratory phase. In 5-day
larvae the sites where the skeletal rods terminate near the
ectoderm show high levels of bL expression. When postgas-
trula embryos are grown in the presence of anti-bL, the
major defect seen is aberrant patterning of the skeleton.
Since antibody appears to penetrate the blastocoel and bind
to skeletogenic mesenchyme, it is possible that bL func-
tions in processes that mediate patterning of the skeleton.
Although our understanding of what guides patterning of
the skeleton is incomplete, Ettensohn and Malinda (1993)
have demonstrated that there is a relationship between the
ectoderm and the skeletogenic mesenchyme cells that
mediates skeletal morphogenesis and arm elongation. This
interaction is localized to the ectoderm at the tips of the
skeletal rods, the same location exhibiting high levels of bL
expression. Based on the distribution of bL and the effect of
anti-bL on skeleton formation, it is possible that this
interaction between mesenchyme and ectoderm or mesen-
chyme and ectoderm-derived ECM may involve bL-
containing receptors.
In the experiments to determine the distribution of
anti-bL in antibody-treated embryos there were immunore-
active vesicles within mesenchyme cells, whereas the cold-
treated embryos had antibody on their basal surfaces. Thus,
it appears that antibodies are able to penetrate the embryos.
Since antibodies appear to be in vesicles within 2 h, we
presume that antibody-bound receptors are endocytosed.
Cold inhibits internalization, indicating that it is an active
process, and nonbinding IgG is not internalized, suggesting
that the process is specific. Presumably antibodies perme-
ate the embryos and bind to bL-containing receptors on the
surface of the cells. The actual blocking of function may
come from steric interference, or the antibody–receptor
complex may be internalized as part of a response to
cross-linking or as a normal part of receptor turnover. Since
function-blocking antibodies appear to be an effective ap-
proach for determining function, further analysis of the
mechanisms involved is probably warranted.
In summary, we have demonstrated the existence of a
novel b integrin subunit in sea urchin embryos that asso-
ciates with at least two different a subunits and at least one
of these receptors interacts with the conserved integrin
binding sequence GRGDS. The bL subunit appears to be
involved in actin filament assembly in bottle cells and
consequently the initial phase of gastrulation. Antibodies,
which appear to promote the removal of bL-containing
receptors from the cell surface, implicate bL in blastoderm
FIG. 13. Confocal images of embryos stained with rhodamine–
phalloidin. (A ,C) Embryos were treated for 4 h with anti-bL. (A)
Apical actin of blastodermal cells remains intact, but actin on
basolateral surfaces has disappeared (arrowhead). (B) Control em-
bryo indicating the arrays of actin in bottle cells and basolateral
surfaces of blastodermal cells which are not present in anti-bL-
treated embryos. Vegetal plate views (C, treated; and D, untreated);
ring of bottle cells surrounding eight centrally located cells (E) is
absent in the untreated embryos, but there are foci of actin. Bars 5
20 mm (same for all panels).
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formation and skeletal morphogenesis. It is apparent that
integrins in sea urchin embryos are key components of
morphogenetic processes and the diversity of receptor com-
plexes formed appears to be equaled by the varied functions
they serve. It is also apparent that integrins in sea urchins
appear to function in a manner similar to that seen in
integrins in other species. The recognition of peptide li-
gands and the interaction with actin appear to be conserved
features of integrin function and may prove unifying fea-
tures that will permit generalized concepts to be applied.
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